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1. Introduction 

In ARL-MR-0972 we described the use of a laboratory-scale combustion chamber 
with an internal capacity of 0.500 cm3 to estimate impetus at low loading densities.1 
Our work in that report found a strong linear relationship between the measured 
impetus for samples of Class-3 black powder, JA2, and M10 propellants against 
their corresponding reference values. While the correlation was linear, the 
experimental values were significantly low compared to their reference values. We 
concluded there were significant nonadiabatic heat losses in the chamber due to the 
high surface-area-to-volume ratio relative to larger combustion chambers with at 
least 25 cm3 capacities. The low loading densities supported an ideal gas treatment 
as opposed to the traditional Noble–Abel treatment that takes into account co-
volume. While extremely nonadiabatic, the strong linear correlation supports a heat 
loss mechanism that results in a constant percentage reduction in final pressure 
across all of the samples studied. In this report we consider the effects of radiative 
and convective heat loss on experimentally determined impetus measurements 
using this chamber. 

2. Experimental 

Our laser ignition experiments have been described at length in Morris et al.1 as 
well as by Gottfried et al.2 We refer the reader to those reports for specific 
experimental details.  

In addition to the pressure–time (P-t) data mentioned in Morris et al.1 for JA2, M10, 
and black powder, during the early part of FY18 we measured additional P-t data 
for CL20, WC450 (Saint Marks Powder) undeterred ball powder, and a 50:50 
mixture of CL20/WC450. Sample mass information is provided in Table 1. Only 
three replicates were conducted for CL20 since each experiment resulted in pitting 
on the interior surface of a laser window. Form factors for each sample were as 
follows: CL20: fine powder; WC450 ball powder; JA2 and M10: 5- × 5-mm slab 
of variable thickness (nominally 1 mm thick). 

Table 1 Sample mass loading for experiments with CL20 and WC450 
 

 

 

 

 

Sample Mass range  
(mg) 

Average mass  
(mg) No. of experiments 

CL20 19.3–30.7 26.4 3 
WC450 12.0–51.2 30.4 6 
CL20/WC450a 24.5–43.8 32.8 5 
a 50:50 ratio by mass    
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3. Results and Discussion 

3.1 Correction for Pressure Drop Due to Radiative Heat Loss 

Data analysis was done within the Microsoft Excel spreadsheet program that is part 
of the Microsoft Office Professional Plus 2013 software suite on a Windows-based 
PC. The raw data from the amplifier was in volts, calibrated to 1 V = 1,000 psi, and 
converted to pressure units of megapascals (MPa) within each spreadsheet. Figure 
1 shows a typical pressure–time trace for WC450, with a graphical depiction of the 
analysis used to determine pressure correction due to radiative heat loss. The data 
saved with the timebase of 10 ms/division on the oscilloscope resulted in a temporal 
resolution of 0.1 ms. The full data trace spans a temporal range of –10 ms to +90 
ms. The 100 points prior to t = 0 were averaged for a baseline adjustment.   

  

Fig. 1 P-t trace for WC450 undeterred ball powder, 51.212 mg. The figure provides a 
graphical representation of the estimation of ∆P used to account for pressure drop due to 
radiative heat loss during combustion of the propellant. 

The portion of the trace to the right of the peak pressure represents pressure drop 
due to radiative cooling of the propellant combustion gasses past the point of 
propellant burnout in the chamber. The pressure drop should be in accordance with 
the Stefan–Boltzman law for energy transfer by radiative heat loss: 

 W = εσA(T4 – Tc
4) , (1) 

where W = net radiated power (J/s); ε = emissivity; σ = Stefan–Boltzman constant; 
A = surface area; T = absolute temperature of the hot object (in this case the burning 
propellant and combustion gases); and Tc = absolute temperature of the colder 
surrounding (in this case the combustion chamber). As T4 >> Tc

4, Eq. 1 can be 
reduced to 
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 W ≅ εσAT4 . (2) 

W represents the instantaneous rate of heat loss in terms of heat per unit time and 
has a strong dependence upon temperature of the combustion products.   

In this experiment, we used the pressure trace following burnout of our sample as 
a representation of temperature using an ideal gas proportionality treatment of 
pressure and temperature. We did this as our experiment operated under constant 
volume conditions with conservation of mass between the propellant sample and 
combustion products. In making this proportionality assumption, we worked 
directly in the pressure domain to determine an approximate pressure correction, 
∆P, to account for pressure drop due to radiative heat loss during combustion of the 
propellant. 

Referring to Fig. 1, we started with the baseline-corrected pressure trace. As was 
done in our previous report,1 we determined the time of maximum pressure (Pmax) 
by fitting the data around Pmax to a quadratic function and solving for the time (tmax) 
at which the slope is 0. Heat loss during combustion will have a component due to 
radiative heat loss and a component due to convective heat loss. Our radiative 
pressure correction, ∆P, will involve extrapolation of the pressure trace back to the 
combustion onset time, t0. The combustion onset time is determined by 
extrapolating the linear portion of the pressure rise to the time axis, where P = 0, 
and noting the time at the intercept. The 200 data points in the P-t trace following 
Pmax are fit to a quadratic function and extrapolated back to t0 to determine 
Pextrapolated. ∆P is the difference between Pextrapolated and Pmax. ∆P is not the true 
radiative heat-loss pressure correction but needs to be adjusted with a scaling factor 
that accounts for the situation of a finite burning time between t0 and tmax, such that 
the pressure correction would normally be expected to be somewhat smaller than 
∆P as measured in Fig. 1. 

Hunt notes the radiative heat loss will be almost proportional to the time of 
burning.3 We account for burning time as the difference between tmax and t0: 

 tburn = tmax – t0 . (3) 

We account for the pressure drop due to radiative heat loss as 

 ∆Prad = s1∆Ptburn , (4) 

where s1 is an empirically determined universal scaling factor for the chamber.  
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3.2 Correction for Pressure Drop Due to Convective Heat Loss 

Regarding convection, Hunt notes convective heat loss should result in a pressure 
drop that is a constant percentage for all propellants.3 We account for the pressure 
drop due to conductive heat loss as 

 ∆Pconv = s2Pmax , (5) 

where s2 is an empirically determined universal scaling factor for the chamber. 

3.3 Determination of Scaling Factors 

The corrected pressure is given by the following equation: 

 Pcorr = Pmax + ∆Prad + ∆Pconv = Pmax + s1∆Ptburn + s2Pmax . (6) 

For each individual experiment with the five samples, the corrected pressure from 
Eq. 6 is divided by the loading density (L) to arrive at an experimentally determined 
impetus (F): 

 Fexperimental = Pcorr/L . (7) 

The scaling factors s1 and s2 are empirically determined by manually adjusting each 
factor to minimize the root mean square (RMS) difference between the value of 
Fexperimental and the reference value of F calculated using the Cheetah code4 at a 
standard L = 0.2 g/cm3. We used only the data for WC450 and JA2. There were six 
replicates for each sample spanning a collective range of L = 0.035–0.100 g/cm3. 
The other data points—for M10, CL20, and the CL20/WC450 mix—were excluded 
in the calibration of s1 and s2 since we wanted to see how well data with impetus 
values beyond the range of WC450 and JA2 would fit the calibration. 

The calibration of the chamber scaling factors was started by setting s2 = 0.4 and 
adjusting s1 upwards from 0 to minimize the RMS difference in the impetus values. 
Adjustments were made in an iterative manner between s1 and s2 while increasing 
the number of significant figures in these two scaling factors to three figures. 
Scaling factors for the best fit of the WC450 and JA2 data were determined to be 
s1 = 63.5 s–1 and s2 = 0.395. 

3.4 Correlation of Impetus to Reference Values 

Figure 2 shows the experimentally determined impetus values as individual data 
points plotted against calculated reference values for M10, WC450, JA2, 
CL20/WC450, and CL20. A solid line with slope = 1 is included in Fig. 2 as a visual 



 

Approved for public release; distribution is unlimited.  
5 

reference. In Table 2 we compare the mean experimental impetus values to the 
reference values and provide some statistics like percent deviation and the error 
bars at a 95% confidence limit. As expected, the experimental mean values for JA2 
and WC450 are in good agreement with their reference values. M10 also shows 
excellent agreement. The close agreement of M10 to the reference value is not 
surprising when the chemistry of the three propellants is considered: all are 
nitrocellulose single- or double-base propellants. 

 
Fig. 2 Experimentally determined impetus values plotted against calculated reference 
values at standard loading density of 0.2 g/cm3. From left to right, the data sets are M10, 
WC450, JA2, CL20/WC450, and CL20. Scaling factors used are s1 = 63.5 s–1; s2 = 0.395. 

Table 2 Experimental impetus values and statistics 

Sample Reference F  
(J/g) 

Experimental F  
(J/g), mean 

∆F 
(%) 

Error bars  
(J/g) Experiments 

CL20 1353 1441 +6.5 225 3 
WC450/CL20 1259 1032 –18 69 5 
JA2a 1147 1149 +0.1 70 6 
WC450 a 1102 1097 –0.5 69 6 
M10 1048 1049 +0.1 42 8 
a Calibration data 

CL20 shows reasonable agreement with its reference impetus value. Two of the 
CL20 experiments exhibited a hangfire delay of over 100 ms, but once combustion 
started, tburn was very fast, less than 1 ms for all three replicates. Experimental 
impetus values for two of the CL20 data points are very close to the reference value, 
with the third data point showing a large separation from the other points. The 
mixture of WC450 and CL20 will be discussed in the following subsection of this 
report. The error bars for each sample are consistent with the number of 
experiments and the spread in the data. 
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3.5 WC450/CL20 Dry Blend 

Figure 3 shows the pressure–time trace for a WC450/CL20 dry blend used in this 
study. Comparison with Fig. 1 shows a significant difference in the shape of the 
pressure rise prior to Pmax. As with the burning of CL20, we see a steep pressure 
rise lasting less than 1 ms. At t = 4 ms, we see a break in the rate of pressurization 
(i.e., a change in the slope) as the CL20 has been consumed. The net effect is that 
the CL20 has prepressurized the chamber for combustion of the WC450. There is 
a change in pressurization mechanism relative to the neat CL20 and the formulated 
propellants. It would not be surprising if this change in mechanism affects both the 
rates of radiative and convective heat loss, and may very well be the reason for the 
poor correlation seen between experimental and reference impetus for this mix.   

 

Fig. 3 P-t trace for 50:50 mix WC450/CL20, 43.764 mg total mass 

We specifically added this mix to provide a sample with impetus between that of 
CL20 and JA2. It is possible a formulated mix that resembles CL20 distributed 
throughout a “WC450 binder” would have a P-t trace similar to the other formulated 
samples, with an experimental impetus more in line with the calculated reference 
value. We had also considered adding cellulose acetate/butyrate (CAB) as a dry 
blend to WC450 to produce samples with lower impetus values. We expected a 
similar result for the CAB/WC450 mix as we have seen for WC450/CL20, with the 
WC450 combusting first and the CAB—being inert—perhaps not combusting at all 
in an unformulated dry blend. 

An interesting observation coming out of the work with WC450 and CL20 is that 
the onset of combustion for the mix is faster than either of the individual 
components.
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4. Conclusion 

In this report, we addressed heat loss in a micro-combustion chamber. CL20, 
WC450, JA2, and M10 are all clean-burning energetic materials leaving little to no 
residue after combustion. Through the application of concepts to address heat loss 
in larger closed bombs, we have addressed, to some degree, the pressure drop in 
the observed P-t trace due to radiative and convective heat loss. We were able to 
correct pressures using an empirical approach for nitrocellulose-based propellants. 
The approach worked reasonably well for CL20, although the sample size was 
limited due to combustion of neat CL20 being destructive to the interior face of our 
fused silica pressure windows. 

The use of a dry blend of CL20 and WC450 to add a data point at an intermediate 
impetus value between that of CL20 and JA2 did not work well. Based on the form 
of the P-t trace, it appeared the CL20 and WC450 burned independently and 
sequentially, with the CL20 being consumed before much, if any, of the WC450 
started to combust. This resulted in a poor correlation between calculated and 
experimentally determined impetus for this mix, due to a change in the mean rates 
of convective and radiative heat loss midburn. We also believe a fully mixed and 
extruded propellant with the same overall composition might provide a different 
result more in line with what we expected. 
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List of Symbols, Abbreviations, and Acronyms 

ε emissivity 

σ Stefan–Boltzman constant 

CAB cellulose acetate/butyrate 

F impetus  

L loading density 

P-t pressure–time 

RMS root mean square 

T absolute temperature  

W  net radiated power  
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